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Abstract 

Two  samples  of  composition  La09M0 ^CoO,  (M  =  Sr,  Ce)  have  been  compared  as  catalysts  for  the  flameless 
combustion  of  methane.  The  former  showed  a  lower  activity  than  the  latter  and  this  difference  was  enhanced  at  lower 
temperature.  Aiming  at  understanding  the  origin  of  this  behaviour,  EPR  analysis  was  carried  out  at  temperatures 
down  to  100  K.  At  T  <  245  K  a  zero-field  intense  feature  appeared  with  the  M  =  Sr  sample  only,  characterized  by 
opposite  phase  with  respect  to  the  g  ~  2  line.  This  zero-field  line  was  attributed  to  microwave  absorption  by  spin  glass 
formed  by  cobalt-  and  oxygen-based  paramagnetic  ions.  The  tendency  to  strong  interaction  among  these  species  could 
also  be  a  reason  of  the  low  oxygen  availability  for  the  catalytic  methane  oxidation  at  higher  temperature.  ©  2000 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  a  previous  paper  [1]  some  perovskite-type 
mixed  oxides  La,  _  ,MACoO,  (M=Ce,Sr)  were 
compared  to  each  other  as  catalysts  for  the  flame¬ 
less  combustion  of  methane.  In  particular,  it  was 
found  that  when  a  =  0.1  the  Ce-doped  catalyst 
was  more  active  than  the  Sr-doped  one.  Indeed, 
TPD  analysis  showed  a  larger  amount  of  avail¬ 
able  oxygen  with  the  former  than  with  the  latter 
and  than  with  any  other  Sr-doped  samples.  Fur¬ 
thermore,  XPS  data  indicated  that  the  partial 
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substitution  of  Ce4+  for  La3+  caused  the  pres¬ 
ence  of  larger  amounts  of  Co2  + ,  acting  as  active 
sites  for  oxygen  absorption  from  gas  phase,  i.e. 
for  catalyst  reoxidation.  In  a  following  paper  [2] 
the  best  catalysts  of  the  above  mentioned  series, 
i.e.  those  with  M  =  Ce  and  different  values  of  x, 
have  been  examined  in  full  detail.  However,  in 
neither  of  the  two  papers  the  catalyst  with  x  =  0.1 
and  M  =  Ce  was  compared  to  the  one  having  the 
same  value  of  x  but  with  M  =  Sr.  In  this  paper  we 
carried  out  this  comparison,  aiming  at  a  better 
understanding  of  the  catalytic  mechanism  lying 
under  the  higher  activity  of  the  samples  with 
M  =  Ce  with  respect  to  those  with  a  different  ion 
substituting  for  La. 
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2.  Experimental 


3.  Results 


The  La0.9M0 JC0O3  (M  =  Sr,  Ce)  samples  were 
prepared  [2]  by  addition  of  a  solution  of  citric 
acid  and  ethylene  glycol  to  a  boiling  solution  of 
La,  Sr  (or  Ce),  Co  nitrates,  followed  by  evapora¬ 
tion  under  vigorous  stirring  till  the  formation  of 
the  gel,  drying  on  a  hot  plate,  heating  at  573  K 
for  6  h  and  calcination  at  1223  K  in  flowing  air 
for  30  h.  The  XRD  analysis  showed  only  the 
perovskite-like  crystalline  phase.  BET  surface  area 
was  ca.  4.5  m2  g_1  for  both  samples.  The  EPR 
spectra  were  recorded  by  means  of  a  Bruker 
ESP300  spectrometer  at  temperatures  ranging  be¬ 
tween  100  and  300  K  and  both  with  magnetic  field 
increasing  and  decreasing  in  the  range  between  0 
and  8000  G.  The  profile  of  the  EPR  spectrum 
obtained  at  room  temperature  with 
La09Sr0 1Co03  after  catalytic  use  has  been  simu¬ 
lated  by  the  Bruker  SimFonia  programme.  The 
catalytic  activity  for  the  flameless  combustion  of 
methane  was  measured  by  loading  0.2  g  of  cata¬ 
lyst  in  a  continuous  bench  microreactor  0.7  mm 
ID,  to  which  a  mixture  of  20  cm3  min-1  of  1 
vol%  CH4  in  N2  and  20  cm3  min  -  1  air  was  fed, 
while  increasing  temperature  by  2  K  min  - 1  from 
550  up  to  873  K. 

Table  1 


Parameter 

La0.9Ce0.iCoO3 

LcIq  ^Stq  1C0O3 

Tyz  (Kf 

807 

803 

Specific  activity 
at  r1/2b 

45.0  x  10~3 

52.0  x  10-3 

Specific  activity 
at  623  Kb 

3.00  x  10~3 

0.25  x  10~3 

Specific  activity 
at  823  Kb 

52.00  x  10-3 

47.00  x  10-3 

Specific  activity 
at  873  Kbo 

75.0  x  10~3 

65.0  x  10~3 

CH4  mol%  convers. 
at  623  K 

3.5 

1 

CH4  mol%  convers. 
at  823  K 

60 

62 

a  Temperature  at  which  50%  of  methane  conversion  is  ob¬ 
tained. 

b  In  mol  conv./m2  min. 

c  Temperature  of  highest  methane  conversion. 


3.1.  Catalytic  activity 

The  specific  activity  of  the  two  samples  is  com¬ 
pared  in  Fig.  1.  In  Table  1  a  few  performance 
parameters  characterizing  the  two  catalysts  are 
reported.  It  is  worth  to  observe  that  while  some  of 
them  are  rather  similar  for  the  two  samples,  other 
are  not.  In  particular,  the  temperature  T]j2  (50% 
methane  conversion),  as  well  as  the  specific  activ¬ 
ity  and  the  conversion  at  temperatures  higher 
than  Tx /2  are  not  too  different.  In  any  case  the 
best  catalyst  is  the  one  with  M  =  Ce,  the  only 
parameter  a  bit  unfavourable  to  it  being  the  CH4 
conversion  at  823  K.  By  contrast,  specific  activity 
and  CH4  conversion  at  lower  temperature  (623  K) 
are  neatly  unfavourable  to  La0.9SralCoO3. 

3.2.  EPR  spectra 

The  EPR  spectra  of  La0  9Ce0  jCoC^  have  been 
discussed  elsewhere  [2].  The  EPR  pattern  of 
La0  9Sr0 1C0O3  at  300  K  is  composed  of  two  over¬ 
lapping  features  characterized  by  different  widths 
(Fig.  2a).  At  temperature  T  <  240  K  the  intensity 
of  this  pattern  decreases,  while  a  new  one  adds, 
centred  at  zero  magnetic  field  value  and  with 
opposite  phase  (Fig.  2b),  accompanied  by  a  dra¬ 
matic  increase  of  the  EPR  cavity  Q-factor.  At 
even  lower  temperature  the  zero-field  spectrum 
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Fig.  1.  Specific  catalytic  activity  of  La09M01CoO3.  M  =  (+) 
Sr;  (■)  Ce. 
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(a)  G 


(c)  G 


(b)  G 


(d) 


Fig.  2.  EPR  spectrum  of  La0  9Sr0  jCoC^  sample,  before  use  as  catalyst.  Detection  temperature:  (a)  300  K;  (b)  240  K;  (c)  210  K;  (d) 
100  K. 


narrows  and  becomes  more  intense,  at  the  ex¬ 
penses  of  the  intensity  of  the  g  =  2  one  (Fig.  2c). 
The  opposite  behaviour  is  observed  only  at  the 
lowest  examined  temperature  (100  K),  at  which 
the  g  =  2  spectrum  also  changes  shape  becoming 
more  symmetric  (Fig.  2d).  After  catalytic  use  for 
flameless  methane  combustion,  an  EPR  spectrum 
at  300  K  similar  to  the  broader  feature  of  Fig.  2a 
is  still  obtained.  By  contrast,  the  narrower  line  of 
Fig.  2a  is  no  more  noticed  (Fig.  3a).  At  T  <  245  K 
(5°  lower  than  for  fresh  sample)  the  zero-field  line 
appears  also  with  the  sample  used  for  the  catalytic 
reaction,  narrowing  and  becoming  more  intense  at 
lower  temperature  (Fig.  3b  and  c)  as  with  the 
fresh  sample.  At  last,  at  100  K  the  zero-field  line 
becomes  a  bit  broader  and  less  intense  also  in  this 
case,  while  the  g  =  2  changes  shape,  acquiring  a 
symmetric  (probably  Gaussian)  shape.  Finally,  we 
performed  an  hysteresis  experiment  at  125  K  both 
with  fresh  sample  (Fig.  4A)  and  after  catalytic 
reaction  (Fig.  4B).  In  both  the  cases  the  ‘up’  track 


(obtained  at  increasing  magnetic  field)  appeared 
at  higher  field  than  the  ‘down’  one. 


4.  Discussion 

The  above  mentioned  catalytic  activity  results 
(Table  1)  indicate  that  the  Sr-containing  sample  is 
a  worse  catalyst  with  respect  to  the  Ce-containing 
one.  This  difference  in  performance  is  accentuated 
at  lower  temperatures,  suggesting  the  presence  of 
a  low  temperature  enhanced  phenomenon  able  to 
inhibit  oxygen  exchange  with  La0.9SralCoO3.  This 
is  in  agreement  with  Temperature  Programmed 
Desorption  data  reported  [1]  for  samples  similar 
to  the  ones  here  examined  and  showing  two  peaks 
at  nearly  523  and  873  K,  attributed  to  suprafacial 
and  to  intrafacial  oxygen  extraction,  respectively. 
In  fact,  the  former  peak  was  by  far  less  evident 
with  Sr-doped  than  with  Ce-doped  catalysts.  To 
investigate  any  temperature-dependent  phenom- 
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ena  in  La09Sr01CoO3  oxides,  EPR  spectra  were 
collected  at  many  different  temperatures.  No  sig¬ 
nificant  change  was  noticed  in  these  spectra  at 
T  >  300  K.  At  these  temperatures,  the  two  over¬ 
lapping  patterns  of  Fig.  2a  can  be  attributed  to 
some  paramagnetic  oxygen-based  species  (the  nar¬ 
rower  with  g  =  2.3)  and  to  a  species  involving 
cobalt,  respectively.  The  former  attribution  is  sug¬ 
gested  by  the  disappearance  of  the  line  after  the 
sample  reduction  occurring  during  the  catalytic 
methane  oxidation  (Fig.  3a).  The  broad  EPR 
spectrum  of  Fig.  3a  is  similar  to  that  reported  [2] 
with  La09Ce0.iCoO3  and  attributed  to  Co3  +  /02~ 
pairs  (see  fitting  parameters  in  the  Fig.  3  caption). 

The  broad  and  intense  absorption  feature  close 
to  zero  field  values  observed  at  lower  tempera¬ 
tures  (Fig.  2b-d  and  Fig.  3b-d)  is  rather  similar 
to  the  ones  reported  in  literature  [3-6]  with  many 
high  temperature  super  conductors  (HTSC),  ex¬ 
actly  at  their  superconducting  transition  tempera¬ 


ture.  Indeed,  in  those  cases  the  zero-field  pattern 
was  characterized  by  opposite  phase  with  respect 
to  the  one  due  to  the  paramagnetic  ions.  Further¬ 
more,  that  feature  was  accompanied  by  a  dra¬ 
matic  increase  [7]  of  the  EPR  cavity  Q-factor,  as 
here  noticed  by  us.  At  a  first  glance  this  low-field 
absorption  was  attributed  [8]  to  a  strong  dipolar 
coupling  [9]  between  two  Cu2+  ions,  overcoming 
the  Zeeman  energy.  However,  other  researchers 
observed  [10]  that  this  absorption  was  ‘non  reso¬ 
nant’,  because  it  was  observed  at  a  nearly-zero 
magnetic  field  value,  which  remained  identical 
after  changing  the  microwave  frequency  from  9  to 
2.4  GHz,  and  because  this  feature  did  not  change 
when  changing  the  microwave  polarization  plane. 
Therefore,  this  low-field  line  was  attributed  to 
trapped-flux  in  the  material.  This  interpretation 
was  criticized  later  [11].  However  it  was  further 
supported  [7]  by  the  observation  that  the  low-field 
line  was  more  intense  when  a  significantly  larger 


Fig.  3.  EPR  spectrum  of  La0  9Sr0 ^CoCb  sample,  after  use  as  catalyst  for  flameless  combustion  of  methane.  Detection  temperature: 
(a)  300  K;  (b)  240  K;  (c)  210  K;  (d)  100  K.  The  spectrum  obtained  at  300  K  is  compared  to  its  simulation  with  Axx  =  Avy  =  100  G, 
Azz  =  120  G,  gx  =  gy  =  2,  gz  =  3.5,  nuclear  spin  1=7/2,  electron  spin  5=  1/2,  Lorentzian-shaped  components. 
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Fig.  4.  Hysteresis  experiments  performed  at  125  K  with 
La09Sr01CoO3  sample:  (A)  unused;  (B)  used  as  catalyst  for 
flameless  combustion  of  methane. 


Meissner  effect  was  observed,  i.e.  in  the  case  in 
which  the  magnetic  field  was  more  deeply  expelled 
from  the  sample,  below  its  transition  temperature 
to  the  superconducting  state.  Anyway,  the  origin 
of  this  low-field  signal  remained  unclear  as  long  as 
EPR  studies  were  limited  to  powdered  samples. 
At  last,  YBa2Cu07  single  crystals  became  avail¬ 
able,  and  a  series  of  very  sharp  lines  was  observed 
[12]  with  them,  0.212  G  split  to  each  other  when 
the  magnetic  field  was  directed  as  the  [110]  crystal 
axis.  Furthermore,  these  features  behaved  quite 
unexpectedly  with  crystal  rotation.  Indeed  they 
moved  in  such  a  way  that  the  magnetic  field 
component  along  the  [110]  direction  remained 
constant.  These  phenomena  were  no  more  inter¬ 
pretable  in  the  framework  of  the  usual  EPR  the¬ 
ory  only.  Indeed,  the  involvement  [12,13]  of 
Josephson  effects  was  also  invoked.  This  means 
that  in  these  materials  weak  superconductivity 


would  occur,  due  to  the  presence  of  superconduct¬ 
ing  regions  separated  by  insulating  layers  1-2  nm 
thick  only,  due  to  non-superconducting  grain 
boundaries  or  internal  grain  defects.  Then,  ‘super¬ 
conducting’  electrons  could  pass  through  these 
barriers,  by  ‘tunnel’  effect,  generating  an  electron 
current  also  in  the  absence  of  any  electric  field 
(Stationary  Josephson  Effect).  Then,  when  this 
electric  current  is  intense  enough,  a  difference  A  V 
of  electric  potential  arises  across  the  insulating 
layer,  generating  an  alternating  current  with  fre¬ 
quency  v  =  2eAV/h,  where  e  is  the  electron  charge 
and  h  the  Planck’s  constant  (non  stationary 
Josephson  effect,  NSJE).  These  Josephson  currents 
generate  harmonic  oscillations  of  the  magnetic 
flux,  representable  as  a  flux-hopping  process  [14]. 
If  the  magnetic  flux  is  represented  as  fluxon  quasi¬ 
particles,  then  the  NSJE  can  be  represented  as  the 
absorption  of  a  fluxon  inducing  a  further  repul¬ 
sion  among  the  fluxons  already  present  in  the 
region  limited  by  the  insulating  layers,  and  hence 
inducing  also  the  absorption  of  a  microwave 
quantum.  The  last  would  be  at  the  origin  of  the 
nearly-zero-field  features  observed  in  those  EPR 
pattern,  named  low  field  microwave  absorption 
(LFMA). 

At  a  first  glance,  LFMA  detection  seemed  a 
very  safe  and  sensitive  procedure  [6,15]  to  test 
superconductivity  of  ceramic  samples.  However, 
below  260  K  LFMA  was  observed  also  in  a  case 
[16]  in  which  the  sample  (Gd2Cu04)  was  not  a 
HTSC.  The  only  difference  observed  between 
HTSC  and  this  non  superconducting  sample  was 
that  with  HTSC  the  signal  appeared  at  lower 
fields  during  external  field  increasing,  than  during 
its  decreasing,  at  the  opposite  with  the  case  of  the 
non  superconducting  Gd2Cu04  sample.  This  sug¬ 
gested  trapping  of  magnetic  flux  lines  in  a  direc¬ 
tion  opposite  to  that  of  the  applied  field  in  the 
case  of  HTSC,  at  difference  with  non-supercon- 
ducting  samples.  Therefore,  the  hysteresis  loop  of 
LFMA  in  a  microwave  cycle  would  be  propor¬ 
tional  to  AC  susceptibility  at  microwave 
frequencies. 

Coming  to  the  nature  of  the  physical  system 
undergoing  microwave  AC  magnetization  with 
La0.9Sr0  jCo03,  this  must  be  formed  by  spin  glass, 
as  indicated  [16]  in  the  analogous  case  of 
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Gd2Cu04.  A  model  has  been  also  proposed  [17]  in 
which  spin  glass  forms  on  doping  the  system  with 
holes,  and  inducing  an  attractive  interaction  be¬ 
tween  them.  According  to  that  model,  the  hole  on 
oxygen  mediates  a  ferromagnetic  coupling  be¬ 
tween  transition  metal  spins  which,  otherwise, 
would  couple  antiferromagnetically.  These  two 
competing  magnetic  interactions  would  result  in 
frustration  leading  to  spin  glass  formation.  In  the 
present  case,  holes  are  introduced  in  the  lattice 
when  Sr  substitutes  for  La,  through  the  reaction: 

Sr2  +  O2  -  -►  Sr]_a  +  O"  +  V~  +  h  (1) 

Here,  the  apex  indicates  the  equivalence  of  intro¬ 
ducing  a  negative  charge  and  the  dot  indicates  the 
equivalence  of  introducing  a  positive  charge  into 
the  lattice.  Therefore,  the  sum  of  apices  must 
equal  the  sum  of  dots.  In  particular,  in  reaction 
(1)  Sr^  is  a  defect  formed  by  substituting  Sr2  + 
for  La3  +  ,  Va  is  an  oxygen  vacancy  and  h'  is  an 
electron  hole  such  as  a  high-oxidation-number 
cobalt  paramagnetic  ion.  As  for  O",  this  is  an 
interstitial  O2  ion  in  the  bulk,  while  on  the 
surface  of  internal  pores  the  formation  of  the 
paramagnetic  0.lds  ions  is  energetically  favoured 
[18,19], 

Furthermore,  it  has  been  reported  [18-21]  that 
only  about  a  half  of  O2  “  ions  can  occupy  the  Va 
vacancies  in  the  bulk,  forming  reticular  oxygen  O* 
and  leading  to: 

2(  Sr2  +  O2  - )  -f  2SrLa  +  O"  +  O*  +  V"0  +  2  h '  (2) 

The  catalytic  oxidation  of  methane  at  higher 
temperatures  follows  an  intrafacial  mechanism  re¬ 
quiring  the  presence  of  OJ  only.  Therefore,  after 
catalytic  reaction,  O2  “  (or  on  the  surface),  as 
well  as  h  ,  are  present  in  the  catalyst.  The  electro¬ 
static  repulsion  among  particles  having  charge  of 
the  same  sign  is  weakened  by  the  attraction  be¬ 
tween  particles  with  charge  of  opposite  sign,  so 
that  the  (competitive)  magnetic  attraction  among 
all  the  paramagnetic  particles  present  in  the  sam¬ 
ple  (O^  and  h  )  can  overcome  the  electrostatic 
interaction  among  them,  leading  to  frustration  as 
required  [16,17]  for  spin  glass  formation.  In  this 
case,  at  enough  low  temperature  the  spin  glass 
forms,  involving  h  (i.e.  paramagnetic  high-oxi¬ 
dised  cobalt  ions)  as  well  as  located  on  the 


sample  surface.  With  both  fresh  and  used  sam¬ 
ples,  the  formation  of  LFMA  is  accompanied  by 
an  intensity  decrease  of  the  g  =  2  EPR  features 
due  to  oxygen-based  species  (with  the  fresh  sam¬ 
ple)  and  to  Co3  +  /0-r.  This  further  confirms  that 
both  oxygen-based  paramagnetic  species  and 
cobalt  paramagnetic  ions  are  involved  in  the  spin 
glass  formation.  At  last  the  nearly  symmetric 
curve  fitting  the  lowest  temperature  patterns  of 
Fig.  2d  and  Fig.  3d  indicates  that  ordered  struc¬ 
tures  form  at  such  temperatures,  like  those  al¬ 
ready  reported  [2]  for  La1_  TCeA.Co03  samples  at 
temperature  lower  than  240  K.  The  fact  that  these 
ordered  structures  are  observed  at  temperatures 
by  far  lower  with  Sr2  +  than  with  Ce4  +  doping  [2] 
can  be  attributed  to  the  different  distortion  intro¬ 
duced  in  the  lattice  by  the  two  ions,  due  to  their 
different  radius. 

In  principle,  spin  glass  could  be  observed  also 
with  fresh  samples  in  which  Ce4+  substitutes  for 
La3  +  ,  following  the  reaction: 

Ce4  +  05  -  ^  CeLa  +  20"  +  V’J  +  h '  (3) 

However  no  LFMA  has  been  observed  by  us  [2] 
with  these  samples,  though  they  were  prepared  by 
the  same  procedure  followed  here  for  the  Sr-con- 
taining  sample.  This  could  be  due  to  the  fact  that 
the  number  of  O"  ions  is  twice  that  of  h  holes  in 
Eq.  (3)  at  difference  with  Eq.  (1)  in  which  the 
ratio  is  one-to-one.  This  could  alter  the  above 
mentioned  competing  effect  of  magnetic  interac¬ 
tions  among  different  paramagnetic  ions.  Further¬ 
more,  Ce-containing  samples  are  more  easily 
reoxidized  [1]  than  Sr-containing  ones.  A  com¬ 
plete  reoxidation  of  the  former,  performed  after 
extraction  of  O*,  would  lead  to: 

Ce4  1  05  -Ce^  +  O^  +  O),  (4) 

in  which  one  of  the  two  competing  paramagnetic 
ions,  h  ,  is  not  present  anymore. 

The  lower  activity  of  the  Sr-doped  sample  could 
then  be  ascribed  to  the  formation  of  spin  glass 
involving  both  paramagnetic  Co  ions  and  0^s 
ions.  The  interaction  among  these  species  prevents 
the  cobalt  ions  to  host  further  oxygen  ions,  so 
lowering  their  availability  for  the  catalytic  oxida¬ 
tion  reaction. 
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5.  Conclusions 

Low  temperature  EPR  spectra  of 
La0  9Sr0  jCoO,  reveal  a  LFMA  pattern  due  to  the 
formation  of  spin  glass.  This  involves  both  oxy¬ 
gen-based  species,  such  as  0.uls,  and  paramagnetic 
high-oxidation-number  cobalt  ions,  like  Co3+  or 
Co4  + ,  equivalent  to  electron  holes  h  .  Spin  glass 
formation  could  explain  the  low  ability  of  this 
oxide  to  exchange  oxygen  and,  therefore,  its  lower 
catalytic  activity  with  respect  to  identical  samples 
doped  with  Ce  instead  of  Sr,  in  which  spin  glass  is 
not  observed. 
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